I was greatly saddened to learn of the recent death of John Annegers. When talking with him I was always reminded of Goldsmith's line about the village schoolmaster 'that one small head could carry all he knew'. He was erudite but not pedantic, carrying his learning easily and with a refreshing modesty. He showed a real unfeigned interest in people with epilepsy and his studies have vastly improved our knowledge of the condition, its complications and its care. People with epilepsy owe him a great debt.
INTRODUCTION
The purpose of this study was to determine whether traumatic brain injury (TBI) increased the risk of later epilepsy. There are many studies of seizures after penetrating war injuries [1] [2] [3] ; however, most studies of posttraumatic seizures in civilian populations are based on selected neurosurgical series 4, 5 . The overall risk of seizures is as high as 53 percent from war injuries 2 and ranges from 1.8 to 5.0 percent in civilian population 5 . Much less is known about those characteristics of TBI in civilians that are associated with an increased risk of seizures and about the magnitude and duration of that increase.
MATERIALS AND METHODS
Cases of TBI were identified through the Medical Records Linkage System of the Rochester Epidemiology Project at the Mayo Clinic. This system includes diagnoses made for inpatient, outpatient, and emergency room visits, even if they did not result in hospitalization 6 . Diagnoses that potentially represented a TBI were reviewed. These included head injury, skull fracture, subdural hematoma, brain contusion, accidental injury, concussion, and loss of consciousness (LOC). Since these diagnoses included all lacerations and contusions to the face and skull as well as more serious injuries, only about 10 percent of the diagnoses satisfied our criteria of head injury with evidence of brain involvement. A total of 5984 injuries met our criteria for TBI between 1935 and 1984.
The observed numbers of unprovoked seizures were compared with the expected numbers based on the Rochester, Minnesota, age-and sex-specific incidence rates of initial diagnosis of an unprovoked seizure disorder and person-years of follow-up 7 . The importance of prognostic factors was analyzed by Cox proportional hazards analysis 8 , based on the Olmsted County, Minnesota, TBI cohort of 4541 patients.
Early seizures were defined as seizures in the first week after the injury; however, in injuries with a protracted course, e.g. infection or recurrent subdural hematoma, the period of early seizures was extended to a month.
Seizures after TBI were ascertained through the medical records. The records of possible seizures were reviewed for potential inclusion by a study neurologist (WAH). Of 153 patients with seizures after recovery from TBI, 97 were classified as having unprovoked seizures; 46 were classified as having acute symptomatic seizures (seizure in association with an acute structural or metabolic central nervous system insult, or, as in five cases, febrile seizures).
TBIs were divided into three levels of clinical severity, as follows: severe TBIs including one or more of the following: documented brain contusion (diagnosed by observation during surgery or by focal neurologic symptoms), intracranial hematoma, or 24 hours or more of documented LOC or post-traumatic amnesia (PTA). Moderate TBI including one or more of the following: LOC or PTA of 30 minutes to 24 hours, or a skull fracture. Mild TBI including those without fracture, and with LOC or PTA of less than 30 minutes. For this analysis, we further divided the mild TBIs into those with documented LOC and those with only amnesia. Brain contusion was diagnosed by computerized tomography during only the last 10 years of our 50-year study and by clinical signs or visualization during surgery in the early years.
RESULTS
The cases of TBI were restricted to the Olmsted County, Minnesota, population in order to have an unselected incidence cohort. However, this methodology also permits the descriptive epidemiology of TBI. It is indeed a common neurologic problem with about 800 000 cases occurring per year in the United States population today. Figure 1 presents the age-and sexspecific incidence rates of TBI episodes for the most recent decade of our study, 1975-1984. Males have higher incidence rates than females and rates peak in the 15-19 age group with an incidence of 800 cases per 100 000 person-years. In both males and females there is a second increase in the elderly. Figure 2 gives the distribution of the cases by cause. Almost a third were automobile accidents and a quarter were falls. Not all of the patients who had TBIs were included in the evaluation of post-traumatic epilepsy (Table 1) . Of the total 5984 incident episodes of TBI, 98 were in patients known to have epilepsy and, therefore, were considered ineligible for post-traumatic onset of seizures. The 626 patients who had fatal TBIs (death within 1 month) were also excluded from further evaluation. We excluded 397 second or subsequent TBI episodes. In addition, there were 322 patients with head injuries that were not ascertained directly, but were discovered as a result of TBI sequelae, such as headaches or visual problems. Thus, 4541 patients were included in our evaluation of post-traumatic seizures.
The cohort was followed from the date of recovery from the TBI to the occurrence of a subsequent unprovoked seizure (97 patients), a subsequent TBI (334 patients), death (373 patients), intracranial surgery (10 patients), migration from the southeast Minnesota area (1139 patients), or to the end of follow-up in 1995 (2588 patients). For inpatients, recovery was defined as the date of hospital discharge, except when other injuries prolonged the hospital stay. In these patients, the date of termination of care by the neurologic service was the recovery date. For outpatients or emergency room patients not admitted, the recovery date was defined as the day after contact. Follow-up was truncated on migration from the eightcounty southeast Minnesota area, because ascertainment and classification of late seizures was uncertain after migration.
The cohort was followed for 53 222 person-years, ranging from days to decades. During follow-up, 97 patients had unprovoked seizures, of whom 22 had only one seizure and 75 had multiple seizures.
The expected number of seizures in these 4541 patients, based on the Rochester, Minnesota, age-specific incidence rates, was 31.2. The standardized incidence ratio was 3.1 (95 percent confidence interval 2.5-3.8). However, the overall standardized incidence ratio is misleading because of large differences in risk by severity of TBI and length of followup after the TBI.
The standardized incidence ratios by severity are shown in Table 2 . The incidence was clearly increased in the severe and moderate TBI groups, but only marginally in the mild TBI group. For all patients with mild TBI, the standardized incidence ratio was 3.1 in the first year after the injury and 2.1 for the next 4 years (Table 3) , but there was no increase thereafter. The standardized incidence ratio during the first 5 years after injury was slightly higher, 2.5 (95 percent confidence interval 1.2-4.4), among the patients with mild TBIs with LOC, as compared with 2.1 (95 percent confidence interval 0.7-4.9) among those with only PTA. The elevated risk of unprovoked seizures among the patients with mild TBIs was not explained by early seizures. None of the 36 patients with mild TBI with early seizures also had late unprovoked seizures.
Among those with severe TBI, the risk of seizures was elevated during the first year of follow-up (standardized incidence ratio 96.9) and remained significantly elevated throughout follow-up (Table 3) . In those patients with moderate TBI, an increased incidence was apparent for the first 10 years after injury, but not after that time (Table 3) .
The strongest univariate association was found with a brain contusion or subdural hematoma (Table 4) . Because brain contusion and subdural hematoma have both an independent effect and a joint effect (interaction) on subsequent risk, intracranial pathology was categorized into concurrent brain contusion and subdural hematoma, brain contusion alone, and subdural hematoma alone. In the two multivariate models, brain contusion or subdural hematoma remained the strongest risk factor. The factors in Model I are brain contusion, subdural hematoma, LOC or PTA of 1 day or more, linear skull fracture in ages 5 years and older, depressed skull fracture, age 65 years or older, and early seizure. In Model II, linear and depressed skull fracture are combined into a single factor, and early seizure is excluded.
Among children under age 5 years with linear fractures, there was a slightly increased seizure rate (relative risk 1.5; 95 percent confidence interval 0.5-4.8). The univariate hazard ratio for linear fractures in patients over age 5 years was 3.3 and was 5.2 for those with depressed fractures at any age ( Table 4 ). The reduction in the rate ratio for depressed fracture from the univariate to the multivariate analysis occurred because depressed fractures were often accompanied by intracranial pathology. Because of their similar rate ratios, depressed and linear fractures in individuals over age 5 years were combined in Model II.
The presence of early seizures in 117 of the patients was also a strong univariate risk factor (relative risk 5.5), but the relative risk for early seizures was 1.4 when adjusted for the other factors. Since most of the strong univariate prognostic effect was removed by adjustment for other prognostic factors, early seizures were excluded from Model II.
LOC or PTA was categorized into three levelsunder 30 minutes, 30 minutes to 24 hours, or greater than 24 hours. The hazard ratio for greater than 1 day was 8.4 as compared with less than 30 minutes. The 570 patients who had LOC or PTA lasting from 30 minutes to 1 day had a relative risk of posttraumatic seizures of 1.0. Thus, only LOC or PTA of 1 day or more remained a prognostic factor.
The rate ratio for those age 65 years and older was 2.5 as compared to those younger than age 65. This is approximately the ratio of incidence rates of unprovoked seizures for people over 65 in the general population 7 . a Mild, patients without skull fracture and with loss of consciousness or post-traumatic amnesia less than 30 minutes; moderate, patients with loss of consciousness or post-traumatic amnesia of 30 minutes up to 24 hours or a skull fracture; severe, patients with brain contusion, intracranial hematoma, or 24 hours or more of documented loss of consciousness or post-traumatic amnesia. a The number of patients still being followed at the beginning of the follow-up period. 
DISCUSSION
We found a strong relationship between severity of TBI and risk of subsequent unprovoked seizures. We also found that severity of injury is correlated with the duration of increased risk after TBI. The risk of late seizures fell rapidly after severe TBI but persisted for the duration of follow-up in our study. Thus, unprovoked seizures occurring more than 10 years after severe TBI can be attributed in large part to the injury. Even higher estimated relative risks have been reported after penetrating war injuries: 580-fold during the first year and 25-fold during 10 years 2 . We found an excess risk of 1.5 (95 percent confidence interval 1.0-2.2) among mild TBIs, and the excess risk continues for 5 years after mild TBI.
The increased incidence of unprovoked seizures after mild TBI could be an artifact if the ascertainment of subsequent unprovoked seizures were more complete in the TBI cohort than in the entire Rochester population used for comparison. For the Rochester incidence study 7 , cases were identified through the Rochester Epidemiology Project, while for this study, all medical records were reviewed, and any entries suggesting a seizure were reviewed and classified by a study neurologist (WAH). However, we compared the ascertainment of the two methods and found that over 90 percent of unprovoked seizures ascertained in the follow-up study and eligible for the incidence study were identified. In addition, the standardized incidence ratio for the low-risk groups in this and other cohort studies are in accord with 1.0 and therefore not spuriously increased 9, 10 .
The increased incidence of subsequent unprovoked seizures in the group with mild TBI could be due to characteristics of the patients and not to the brain injury per se. Those with mild TBI could somehow be at higher risk for unprovoked seizures. On the other hand, the lack of an increase of unprovoked seizures in the large group of mild TBIs more than 5 years after their TBI does not support a constitutional predisposition nor differential ascertainment as an explanation of the overall increase in the mild group.
In our evaluation of post-traumatic seizures in a large cohort of civilians who sustained TBI, brain contusion and subdural hematoma were the strongest risk factors for later seizures, and the increased risk for seizures persisted for at least 20 years. Skull fractures and prolonged LOC were significant but weaker predictors of later seizures. For patients with mild closed head injuries, less than 30 minutes LOC or PTA, there was a modest, two-fold increase in risk only during the first 5 years after injury.
Early seizures with TBI are a major cause of acute symptomatic seizures especially in individuals under 35 years of age. Although TBI is a cause of epilepsy, only about 4 percent of all incidence cases of epilepsy can be reasonably attributed to TBI.
